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NATIarJAL 

ANGLE3 OF ATTACK FROM -2O TO 31' 

By Homer B. Wilson, Jr. , and Elmer A. Horton 

A two-dimensional wind-tunnel investigation has been  made  of four 
symmetrical W A  &series airfofl sectfons, 6, 8, 10, and 12 percent 
chord thick in the  Langley  low-turbulence pressure tunnel for Mach nwn- 
bers from 0.3 to that for tunnel choke and for angles of attack from -2O 
to 31°. The results of the tests  indicate  that,  for Mach numbers  up to 
about 0.7, the section lif't characteristics are essentially independent 

attack tested,  except  for the higher maximum lift coefficient exhibited 
by the NACA 641-012 airfoil section. The results also indicate that  the 

thickness within  the range  of Mach numbers tested for  angles of attack 
above  a  value of about 8' greater than that for initial stall. 

. of airfoil thickness H t h h  the  range of thickness ratios and angles of 

. section drag characteristics were comparatively independent of airfoil 

* .. . 

The  position of the center of pressure was approximately constant at . 
. .  

the  25-percent-chord station for angles of attack up to about 8O for the 
range of Mach nunibers investigated. Increasing the  angle  of  attack f r a n  
about 8O to approximately 16O resulted in a rearward shift fn the  position 
of the  center of pressure to about the 42-percent-chord station where it 
remained approximately constant to an angle of attack of 300 or 31°. The 
effect of Mach number is to produce a m e  gradual rearward shift in the 

moment  plotted  against angle of attack was stable in all cases.  It 
appears  that the divergence Msch number is slightly higher for  the 
pitching-moment coefficient than for the drag coefficient. 

\ position of the  center of pressure. The  break in the curve of pitching 

The  addition of leading-edge  roughness to the airfoil section 
resulted in  a noticeable reduction in mbmm lift at  high subsonic Mach 
numbers and a large  increase in the drag coefficient for angles of attack 
below stall. At angles of sttack greater than that f o r  initial stall,  
the addition of leading-edge  roughness did not result in any significant 
changes in the aerodynamic  characteristics throughout the  range of Mach . nuznber investfgated. 
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The  increasing  speed of helicopters and consequently  their  rotor 
blades has intensified  the  need  for  airfoil  section data at  high s~ib-  
sonic Mach  ntmibers  throughout  the  sngle-of-athck  range at which  the 
helicopter  rotor blades operate. Although numerous  high-speed  airfoil 
section  data  are  available through a limited  angle-of-attack  range, no 
high-speed data exist  for  angle-of-attack and Mach  nmiber  combinations 
which may be  encountered in certain  high-speed-rotor design conditions. 
An investigation ha8 therefore  been  made in the Langley low-turbulence 
pressure  tunnel  to  provide  airfoil  section  data through a wide range of 
angle of attack  for a series of a i r f o i l  sections  which  might  be  used  in 
helicopter  rotor  blades.  The  airfoil  sections  tested,  which  differ only 
in thickness  ratio,  were  the NACA 64-006, 64-008, 64-010, and 641-012. 
Lift,  drag, and pitching-moment data were  obtained  for Mach numbers of 
0.3 to  that  for  tunnel  choke  at  angles of attack of -2O to ?lo. The 
results  of  this  investigation  are  reported  herein. 

section  lift  coefficient,  2/qc 

section  lift,  Ib/ft  of  span 

a i r fo i l  chord,  ft 

free-stream m c  pressure, pv2/2, a / s q  ft 

wee-stream velocity,  ft/sec 

free-stream mss Eensity,  slugs/cu ft 

maximum section lift coefficient  before s ta l l  

section drag coefficient, d/qc 

section  drag,  lb/ft of span 

section  pitching-mament  coefficient  about  quarter-chord  point 

section  angle of attack,  deg 

Reynolds number based on airfoil  chord and free-stream  velocity 

. 
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M free-stream  Mach  number, V/a 

a free-stream  speed  of sound, ft/sec 

PS stagnation  pressure,  in. Efg 

TS stagnation  temperature, OF 

Wind  tunnel.-  The  present  investigation was conducted in the Langley 
low-turbulence  pressure  tunnel  which has a t e s t  section 3 feet  wide and 
7~ feet  high.  This  tunnel was originally  designed and has been  operated 
for a number of years as a low-speed,  high  Reynolds  nuniber  facility. A t  
the  present the, the  tunnel is also  operated  as a high-speed  research 
facility  with  Freon-12 gas replacing  air  as  the  test  medium.  Since  the 
speed of sound in Freon  is only about  one-half of that  in  air,  choking 
Mach  numbers  can  be  obtained  in  the  test  section  with  the  original  drive 
motor. 

1 

For  the  present  investigation,  the  Mach n h e r  varied from approxi- 
mately 0.3 t o  that for tunnel  choke. The range of Reynolds  numbers WEB 
determined  by  the absolute pressure of the tunnel.  The  present  investi- 
gation  was  conducted  at  absolute  pressure8 of approximately 6 and 
11 inches of mercury and d t h  a Freon purity of approximately 95 per- 
cent  by  weight. The variation of the  Reynolds number per foot  of chord 
with Mach number obtainable  at  the two tunnel  pressures  is  shown  in 
figure 1. 

Models  and  test  methods.-  Each of the  two-dfmensional  models  tested 
in  the  investigation  had a 1-foot  chord and completely  spanned  the 3-foot 
dimension of the  tunnel.  The NACA 6%-006 section was machined f r o m  solid 
steel  and  the NACA 64-008, NACA 64-010, and NACA 641-012 sections  were 
machined from solid dural. The  ordinates for each of the  sections  are 
presented  in  table I. A photograph  of  one of the  models  mounted  in  the 
tunnel  is  shown  in  figure 2. The  ends of the model passed through slots 
in  the  tunnel mlls; one  end of the model was mounted  through a universal 
joint  to a semispan  balance  and  the  other  end was pivoted in a self- 
alining  bearing. A labyrinth-type  seal was provided at each  end of the 
model to minimize the  effect of leabage  through  the  slots  in  the  tunnel 
walls. With  this  mounting  arrangement,  the  -del  is  essentially a 
s-ly supported  beam in both  the  lift  and drag directions and free of 
restraint  in  roll and yaw (as far as the  balance  is  concerned). Thus, 
the  semispan  balance  measures  one-haLP  the  lift and drag  and  all of the 
pitching  moment. A sketch showing the  relationship  between the ends 

~~ 
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of the  model,  the  tunnel wall, the  labyrinth  seal,  the munting pivot, 
and balance  is  presented  in  figure 3. 

The  semispan  balance was employed for  making  all  the  lift, drag, 
and  pitching-moment  measurements of the  present  investigation.  The 
lift and drag as measured by the semispan balance  have  been  shown  in 
reference 1 to  be in good agreement  with  the  lift and drag  determined 
by  integrathg  the  pressures  along  the floor and ceiling of the  tunnel 
and  the  wake-survey  method,  respectively. 

Tests.-  The  investigation  consisted of measurements of the  lift, 
drag, and  pitching-moment of the  NACA a-006, 64-008, 64-010, and 641-012 
airfoil  sections throq an angle-of-attack  range of -20 to 31°. The 
Mach numbermied *om 0.3 to  that  for  tunnel  choke.  The  Mach  number 
for tunnel  choke  is  shown in figure 4 as a function of angle of attack 
and  model  thickness  ratio.  Because of the  limitations of the  semispan 
balance,  the  tests  were  made  at  two  stagnation  pressures, that is,  for 
two  ranges of Reynolds nuuiber.  The  Reynolds nuuiber is  shown in figure I 
as  a function of Mach  nuniber  for a constant  stagnation teqerature and 
the two stagnation  pressures  used  in  this  investigation.  For  angles of 
attack of -20 to l3', a stagnation  pressure  of  about 11 inches of mercury 
was used and the Reynolds nmiber  varied f r o m  approximately 2.0 x 106 to 
5.0 x 106. For angles of attack  of 13O to 31°, a stagnation  pressure 
of about 6 fnches of mercury was used  and  the Reynolds nuniber varied 
f rom approximately 1.0 x 106 to 2.3 x 106. The  correspondence  between 
Reynolds rider and Mach nuuiber  shown in figure 4 does  not  necessarily 
represent the exact test conditions of the  present  investigation  because 
of variations in stagnation  temperature,  total  pressure, and Freon  purity. 

. 

. 

- 

. Measurements were made of the  lift, drag, and pitching  moments  for 
the  models in the  aerodynamically smooth condition and with  leading-edge 
rougbess. The  leading-edge  roughness  consisted of O.Oll-inch-diameter 
carborundum  grains  spread over a surface  length of 8 percent of the  chord' 
:back from the  leading  edge on the upper and lower surfaces.  The  grains I 

were I thinly  spread  to  cover from 5 to 10 percent of this areatione model, 
the NACA 641-012 sirfoil  section, wae also tested  with a strip of rough- 
ness  extending  chordwise  for 1/4 inch  along  the  upper  and  lower  surfaces 
of the  model  beginning  at  the  20-percent-chord  station. 

Corrections.- All the data presented  herein  have  been  corrected 
for  tunnel wall effects  according to the methods of references 2 and 3. 
The maximum tunnel wall corrections  were of the  order of 9 percent  for 
the lift, drag, and pitching-mrment  coefficient.  Corrections  were also 
applied to all data of the  present  investigation  to  convert  the data 
obtained  in  Freon to equivalent  air  data.  These  corrections  are  discussed 
in  reference 4. The  magnitude of the  corrections was rather smal l .  For 
example,  the  measured  Freon  Mach  number  differed by only about 3.0 percent . 

. 
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from its  equivalent  air  Mach  number  and  the  measured  lift, drag, and 
pitching-moment  coefficient  differed  by  as  little  as 5 ,  3, and 4 percent, 
respectively, from their  equivalent  values  in  air. The highest  Mach num- 
bers  for  which  data  are  presented  correspond  to  the  tunnel  choked  condi- 
tion.  The  highest  Mach nuniber for which the data may be considered 
reliable  is  open  to some question. A Mach rider of 0.03 less  than  that 
for choke,  however, has oftentFmes  been  considered  as a rough  upper  limit 
beyond  which  little  confidence  should  be  placed  in the results. 

Precision  ofmeasurement.- Tfie balance  employed  in  the  present 
investigation wa8 designed to measure drag forces to within 1/2 pound, 
lift  forces  to  within 1.5 pound, and pitching rmments to within 3 inch- 
pounds. On the  basis of these  limits,  the  accuracy of the measurements 
for  varrious  test  conditions  is  indicated in the following table: 

. 
Accuracy of Measurements 

M 9, 

0.3 35 

2.001 +.oodt +.a 260 85 
f .001 t.oo06 f. 003 175 67 
*o. 003 fo. 0030 to. 013 

(approx. lb/sq ft cz cao 

For steady flow conditions,  that is, for  angles of attack below  the 
stall,  the  repeatability  of  the  data  and  the comparison of results for 
the  different  airfoile  indicated  that  the  accuracy of the  measurements 
was considerably  better than is  indicated by the  preceding  table. 

In the  early stages of the investigation,  it was noted  that  the 
variation of the  force and lllament  coefficients with Mach  number was 
somewhat  erratic for angles of attack i n  the  vicinity of and  above  the 
stall. In an attempt to obtain an average  variation  of  the  force and 
moment  Coefficients with Mach number, the force  and  moment  coefficients 
were  measured  at 0.005 increments  in  Mach  nmiber.  The  curves  presented 
herein  represent an average of the data obtained with BODE typical data 
points  plotted.  The  scatter  of  the  most random data points  (not  shown) 
was approximately 23 percent of the faired curves  of  the  lift,  drag, and 
pitching-moment  coefficients.  Most of the  data  points,  however,  fell 
within a basd  about f2 percent of the  faired  curves. 
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RESULTS 

The  test  results  are  presented in figures 5 to 8 in  the form of 
standard  coefficients  representing  the  lift,  drag,  and  pitching  mmnent 
(about  the  quarter  chord)  plotted  against  Mach number st  Reynolds num- 
bers  varying *om 1.0 x 106 to 5.0 x 106  and Mach  numbers varying from 
approximately 0.3 to  that  for  tunnel  choke. To facilitate  the  use of 
the data, the following additional  figures ( 9  to 16) have  been  prepared 
wing Mach  number  a8  the  parameter:  section lift coefficient (fig. g), 
section drag coefficient  (fig. ll), and the  chordwise  position of the 
center of pressure (figs. 9 and 14) plotted aminst angle of  attack; 
section pitching-moment coefficients  (about  the  quarter  chord) (figs. 12 
and l3), and aection drag coefficient (figs. 15 and 16) plotted  against 
lift coefficient.  The  lift-curve  slope  as a function of Mach  number  is 
presented  in figure 10. 

DISCUSSION 

Lift  Coefficient . 
The  variation of the section  lift  with Mach ntrmber  for  all  airfoil 

sections  tested is shown by figures 5(a), 6(a), 7(a), and 8(a). For 
angles  of  attack  up  to  about 14O, the lift coefficient is relatively 
independent  of  Mach  number up to values as high as 0.65 to 0.75. For 
these  angles  further  increase in the  Mach  number  resulted in a sharp 
increase in the lift coefficient up to the  divergence  Mach  number  after 
which  the  lift  coefficient  decreased wlth increasing  Mach  number  and 
continued to decrease with increasing Mach number  up  to  the  highest  Mach 
number attained in this investig&tion.  At angles of attack of 14O to 
22O, the miation of  the lift coefficient with Mach  number ia somewhat 
erratic,  but  indicates a general  increase with Mach  number.  For angles 
of attack  above 22O the  curves  are  less  erratic  but  show the same gen- 
eral  increase.in lif’t coefficient with Mach ntrmber.  At an angle of 
attack of l3O or 140, data  were taken for the  tu0  rangee of Reynolds 
number.  The  results dfd not  show  consistent  variation of the  coeffi- 
cfents with Reynolds  nuuiber. 

Lift-curve  slope.-  The  increase in lift-curve slope, usually associ- 
ated  with an increase in Mach  nuuiber is shown in figure 10, which is a 

plot of a0 a function  of  Mach  nlrmber for the  airfoil  sections 

tested.  The  slope of the lift curve ( f ig .  9 )  is essentially  constant 
from 00 to 80 and increases w i t h  increasing  Mach  number  for  all a i r f o i l  

. 



sections  tested. For example,  increasing  the  Mach number from 0.3 to 0.8 

increased  the value of from 0.11 per  degree  to 0.21 per  degree 

for  the mACA 64-006 airfoil  section  (fig. 10). The  incremental  increase 

in  the  value of seems  to  be  relatively  independent  of  the 

thickness of the  airfoil  section for Mach  nunibers  less than 0.75. 

For  angles of attack  above  about 80, the slope of the  lift  curves 
decreased with increasing  angles of attack  to stall (fig. 9 ) .  As would 
be  expected,  the  value of dcl/dq,  becomes  negative  after  stall  or 
maximum lift,  and  remains  negative  for  angles of attack  approximately 8O 
above  that  for stall.  A f'urther  increase in  the angle of  attack  results 
in a positive  but varying value of dcz/-  which remains positive  to 
the  highest  angle of attack  attained in this  investigation. 

Maximum lift  coefficient.- !&e increase in the maximum lift  coeffi- 
cient  (the  highest  lift  coefficient  obtained  before  stall) a s  the  thick- 
ness  ratio  is  increased f r o m  6 to 12 percent  chord  for  Mach  numbers  less 
than 0.15 reported  in the investigation of reference 2 was not  shown in 
this  investigation  for a Mach number of 0.3 (fig. 9 ) .  This decrease  in 
the  effect of increasing  thiclmess on max€mum lift  coefficient  is shown 
in  reference 5 to be a result of increasing  Mach  number.  For  example, 
figure 6 of reference 5 shows  that  increasing  the  Mach  number f r o m  0.10 
to 0.30 resulted  in a decrease in the maximum lift  coefficient  of  moder- 
ately  thick  airfoil  sections  and a substantial  reduction  in  the  effect 
of thickness on the maximum lift  coefficient a t  Reynolds  number  approxi- 
mately  equal  to  those of the  present  investigatfon. In  view of these 
results f r o m  reference 5, the  absence of substantial  increase in the 
maximum lift  coefficient  with  increasing  thiclmess at M = 0.3, shown 
by the  data of figure 9, was to  be  expected.  For a constant  thickness 
ratio,  the maximum lift  coefficient was also  relatively  unaffected  for 
Mach  numbers  up  to  about 0.60; however,  at  Mach  nmibers  greater  than 0.60, 
the maxirmrm lift  coefficient  showed E definite  increase  with  increasing 
Mach  number.  The  angle of attack  for maximum lift  generally  decreased 
with  increasing  Mach  nmiber. For angles of attack  greater  than  about 8O 
above  the stall angle,  the  lift  coefficient  increased  with  increasing 
angle of attack and continued  to  increase to the msxirmrm angle of attack 
obtained in this investigation.  The  value of the  lift  coefficient  at 
the maximum angle of attack  obtained in this investigation was in  all 
cases  greater than c I - .  

The  effect of increasing  thickness on the  lift  characteristics of 
the  airfoil  sections  tested  is  summarized  in  figure 11 for several  Mach 
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numbers.  These data indicate no consistent  variation of the  lift  char- 
acteristics with increasing  thickness for  angles of attack  greater  than 
about 8’ above  that for stall; however,  at stall, the NACA 641-012 air- 
f o i l  section  showed a slightly  higher maximum lift  coefficient  for Mach 
numbers  up  to 0.6. 

Pitching  Moment 

The  variation  with Mach number of the  quarter-chord  pitching-moment 
coefficient %/4 is  shown in figures 5(c),  6(c),  7(c), and 8(c). The 
erratic  variations  shown in the  lift  curves for angles  of  attack  between 
16’ and 22O are  not as apparent  in  the  pitching-moment  curves.  For  angles 
of attack  between 220 and 3l0, no definite  break in the  pitching-moment 
curves  occurred  before  the  choke  Mach  number was reached. From a com- 
parison of the data presented in figures 5 to 8, it  appears  that  the 
divergence Mach nuniber  occurs  at a slightly  higher  value  for  the  pitching- 
moment  coefficient than for  the  drag  coefficient. 

The  variation of the  pitching-mment  coefficients  about the quarter 
chora c nith lift  coefficient is shown in  figure 12. The values of 
the  pitching-moment  coefficient and the elope of the  pitching-moment 

+/4 

dc2 A are constant and essentially zero for  lift  coeffictents dcmc 

up  to  about 8 percent  less  than  those  for c h  for  Mach  numbers  less 

than 0.80. At a Mach  number of 0.80, the value of 1s generally 

negative for all  airfoil  sectione  at  lift  coefficients up to about 8 per- 
cent  less than that fo r  stall. Increasing  the  lift  coefficient  to values 
in  the  vicinity  of e ta l l  results in R break in the  pitching-moment  polar 
uhich in all  cases was stable.  At lift coefficients  immediately  above 
stall, the variation of the  pitching  moment is somewhat  erratic;  however, 
if the angle of attack  is  increased  to values of about 80 or  =re  above 

dc 2 

dcw2/4 
dc 2 and “%‘A 

that  for stall, the  values of are negative and 

varying  but  less  erratic. 

A cornpaxison of the  pitching-moment  charracteristics of all  airfoil 
sections  tested in the  smooth  condition  is  shown in figure 13. In gen- 
eral,  these data indicate  that the pitching-moment  characteristics  are 
essentially  the same for  all a i r f o i l  sections  tested  with  the  exception 
of a delayed  break in the  pitching-moment  curve for the NACA 641-012 air- 
foil section for Mach  nmibers f r o m  0.3 to 0.70. 



Center  of  pressure.-  The  variation of the  center-of-pressure  posi- 
tion  for  all  airfoil  sections  tested  is  shown  in  figure 9. Figure 14, 
a plot of the  position  of  the  center  of  pressure  as a function of angle 

w of attack  for all the  airfoils  in  the  smooth  condition,  indicates  that 
the  position of the center  of  pressure  is  relatively  constant at the 
25-percent-chord  station  at  angles of attack  up  to  about 6O to 8O for 
a l l  Mach  numbers  tested.  For angles of  attack from 6 O  to 8O to  approxi- 
mately 16O, the  center of pressure  shifts  rearward,  with  the  rearward 
shift  being  less  for  the  thicker  sections st low Mach  numbers.  At  angle8 
of attack  above 16O the  center of pressure  is  approximately  constant 
at its  most  rearward  position  at  about  the  42-percent-chord  station. 
Increasing  the  free-streamMach  number f r o m  0.30 to 0.70 seems  to  result 
in a more  gradual  rearward  shift in the  position  of  the  center of pres- 
sure.  The  effect  of  increasing  thickness  seems to be a slightly  delayed 
break  in  the  center-of-pressure  curve  for  the NACA 641-012 airfoil  sec- 
tion  at  Mach  numbers  less  than 0.60. Otherwise  there seems to be no 
significant  difference Fn the  center-of-pressure  characteristics asso- 
ciated  with  increasing  thickness  ratio  for the airfoil  sections  tested. 

- 

Drag  Characteristics 

, The  effect of Increasing  Mach  number  on  the  drag  characteri'stics  is 
shown in  figures 5(b), 6(b), 7(b), and 8(b). At  angles of attack  of -20 
to 19, the  drag  coefficient  is  essentially  independent  of  Mach  nuniber 
until the force-break  Mach  numiber is attained,  then  the  drag  coefficient 
increases  rapidly.  For  angles of attack f r o m  16O to 24O, the  curves  are 
somewhat  erratic in variation  but  show a general  increase of drag  with 
Mach  number.  The same general  increase in drag  with  Mach  number  is  shown 
for  angles  of  attack  between 24O and 31° but  the  curves are less  erratic 
than  those  for  angles of attack of 16O to 24'. 

"he  lift-drag polars for  the  four  airfoil  sections  tested  are  pre- 
sented  in  figure 15 for a series  of  Mach  nmibers.  The  polars  are  plotted 
with  two  different  scales  for  each  Mach  nmiber  presented:  One  scale, 
the  larger  of the two, permits  the  comparison of the minimum drag  char- 
acteristics of the  models  tested;  whereas,  the small scale was u s e d  in 
order  to  present  the  drag data for  the  complete  range  of  lift  coefficients 
investigated.  The  lift-drag polars, presented in figure 15 indicate a 
small increase  in  the m i n i m u m  drag  coefficient c h  with  increasing 
thickness  ratio  and  Mach  number  up  to  the  divergence  Mach  number. 

In order  to  aid in comgaring  the  section  drag  characteristics 
through a complete  range  of  angles of attack  and lift coefficient,  the 
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variations of section  drag  coefficient  with  angle of attack  and  lift 
coefficient  for  several  Mach  nmibers  are  presented  in  figures ll and 
16, respectively.  The data have  been  plotted  to a; emall scale in order 
to  show  the  high  section  drag  coefficients  at high lift  coefficients and 
angles of attack  since a comparison  of  the minimum drags  can  be  obtained 
from figure 15. Figure 11, a plot of section  drag  coefficient of each 
of the  airfoils  investigated  against  angle of attack f o r  several  Mach 
numbers,  shows  that  the  shape of the  section  drag  curves is essentially 
the same for all of the  airfoil  sections  through  the  range of angle of 
attack and Mach  numbers  tested. The drag polare,  shovn  in  figure 16, 
indicate  that  the NACA 641-012 airfoil  section has the  largest  lift-drag 
ratio  for  Msch  numbers up to  about 0.70 whereas for higher  Mach numbers 
the NACA 64-006 airfoil  section has, in  general,  the  highest  lift-drag 
rat io. 

Effect  of  Roughness 

Lift and pitching-moment  characteristics.- The addition of roughness 
to  the  leading  edge  of  the  airfoil  sections  tested  did  not  produce any 
significant  effects on the  lift  characteristics  at low subsonic  Mach 
nunhers (M = 0.3 to 0.5) for m y  of the  four  airfoil  sections  tested 
(fig. 9 ) .  Similar  results  were  obtained in reference 5 in  which  the 
maximum lift  coefficient of several  roughened  airfoil8  for  Mach  numbers 
as  high a8 0.45 was sham to be essentially  unaffected  by  increasing 
Mach  number.  At  high  subsonic  lkch  nmibers (M = 0.6 to 0.8), the  addi- 
tion of leadingedge roughness  resulted  in a noticeable  reduction  in  the 
maximum lift  coefficient  (fig. 9 )  and  consequently an earlier  break  in 
the  pitching-moment  curve (fig. 12) for  all  models  tested.  The  addition 
of a spanwise  roughness  strip  at  the  20-percent-chord  position on the 
NACA 641-012 airfoil  section  did  not  appreciably  affect  the lift, pitching- 
moment, or center-of-pressure  characteristics  throughout  the  Mach  number 
range  investigated. 

Drag  characteristics.- From figures  5(b),  6(b),  7(b),  and  8(b),  it 
is seen  that  the  addition of leading-edge  roughness  had  practically no 
effect on the  drag  divergence  Mach  number  but  did  result in large  increases 
in drag  coefficient  at  Mach  nunibers  below  drag  divergence, at least for 
the  lower  angles  of  attack  below  that  for  stall.  For  lift  coefficients 
beyond  that  for  stall,  there is, in  general, no consistent  increase  or 
decrease in the  drag  coefficient  attributsble  to  the  addition of leading- 
edge  roughness  (fig. 15). The  acidition  of a roughness  strip at the 
20-percent-chard  station  produces  the same general  effect on the drag 
characteristics  as  did  leading-edge  roughness,  but  is  less  severe. 

. 
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c 
The  NACA 64-006, 64-008, 64-010, and 641-012 airfoil  sections  have 

been  investigated in the  Langley  low-turbulence  pressure  tunnel  for  Mach 
nwnbers from 0.3 to  that  for  tunnel  choke and for  angles of attack from 
-2' to 31'. The results of the  tests  indicate  that,  for  Mach  numbers  up 
to  about 0.7, the  section  lift  characteristics  are  essentially  independent 
of airfoil  thickness  within  the  range of thickness  ratios and angles of 
attack  tested,  except  for  the  higher  lift  coefficient  exhibited 
by  the  NACA 641-012 airfoil  section.  The  results  also  indicate  that  the 
section drag characteristics  were  comparatively  independent of afrfoil 
thickness  within  the  range  of  Mach  numbers  tested for angles  of  attack 
above a value  of  about 8O greater than that  for  init-1 stall. 

The  position of the  center  of  pressure was approximately  constant 
at  the  25-percent-chord  station  for  anglee  of  attack  up to about 80 for 
the  range  of  Mach  numbers  investigated.  Increasing  the  angle of attack 
from about 80 to  approximately 160 resulted  in 8 rearward  shift in the 
position of the center of pressure  to  about  the  42-percent-chord  station 
where  it  remained  approxlmately  constant  to an angle of attack  of 300 

shift in the  position of the  center of pressure.  The  break  in  curve of 
pitching  moment  plotted  against angle of attack was stable  in all cases. 
It  appears  that  the  divergence  Mach  number  is  slightly  higher  for  the 
pitching-moment  coefficient than for  the  drag  coefficient. 

- or 31°. The  effect af Mach nuniber  is to produce a more  gradual  rearward 

The  addition  of  leading-edge  roughness  to  the  airfoil  section 
resulted  in a noticeable  reduction  in maximum lift  at  high  subsonic 
Mach numbers and a large  increase In the drag coefficient for angles  of 
attack  below  stall. At angles of attack  greater than  that for initfal 
stall,  the  addition of leading-edge  roughness  did  not  result  in any 
significant  changes fn the  aeroaynamic  characteristics throughout the 
range of Mach  nmibers  investigated. 

Langley  Aeronautical  Laboratory, 
National Advisory Comdttee for  Aeronautics, 

Langley  Field,  Va. 
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TABLE I 

COORDINATES OF NACA AIRFOIL SECTIONS TESTED 

(Dimensions given in percent chord) 

:hordwiae 
station 

t 

0.256 

Id lower 
64-008 

0 455 

surface ordinate 
6 W 1 0  1 641-01; 
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Mnoh nLUnbQF, M 

Figure 1.- Variation of Reynolds number per foot of chord with Mach number 
for  various stagnation  preesuree P, in inches of mercury and a stag- 
nation temperature 'Is of 70' F. 
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Figure 2 . -  photograph of a model as mounted i n  the Langley low-turbulence 
pressure tunnel. 
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Figure 3.- Schematic drawing of model mounted In tunnel for force and 
moment measurements employing strain-gage balance. 

I I 



Y I 

-4 0 4 a 
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NACA 6-series a i r fo i l  sections. 
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A 

b 

a 

. 

Mach number, M Mach number, M 

(a) Variation of section l i f t  coefficient w i t h  fkee-stream Mach nuniber. 

Figure 5.- Effect of leading-edge roughness upon the high-speed aerodynamic 
character is t ics  of the NACA 64-006 a i r f o i l  section at various angles of 
at tack.  - 
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Plam symbols  denote  aerodynamically smooth wndltim 
Flagged symbols denote  leading-edge roughness - - i -R=I.OX IO6 to 2.4Xl06 
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(b) Variation of section drag coefficient with free-stream Mach nuILiber. 
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Figure 5. - Continued. 
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Plain symbak d e ~ t e  omdpmnically smooth condition 
Flogged symbols denote Ieoding-edge rouglmess 
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(a) Variation  of  section  lift  coefficient with free-stream Mach number. 

Figure 6.- Effect of leading-edge  roughness upon the high-speed  aerodynamic 
characteristics of the NACA 64-008 a i r fo i l  section  at  various angles of 
attack. 
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(b) Variation of section drag coefficient with free-stream Mach number. 

Figure 6.- Continued. 
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(e) VWiatiOn of section quarter-chord pitching-mment coefficient with 
fiee-stream Mach number. 
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Mach number, M Mach number, M 

(a) Variation of section lift coefficient with free-stream  Mach number. 



Plain symbols  denote  aerodynamically  smooth  condition 
Flagged symbols denote leading-edge rouqtlness 
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(b) Variation of section drag coefficient with free-stream Msch number. 

Figure 7. - Contirmed. 
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(a) Variation of section  lift  coefficient with free-stream Mach number. 

Figure 8.- Effect of roughness upon the high-speed aerodynamic character- 

- 
istics of the NACA 64,-012 airfoil  section at various angles of attsck. 



28 

Plain symbols denote aerodynamically smooth condition 
Symbols with one flag  denote leading-edge roughness 
Symbols with two flags  denote roughness strip at 20 percent chord 
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(b) Variation of section drag coefficient with free-stream Mach nuzriber. 

Figure 8.- Continued. 
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(c)  Variation of section quarter-chard pitching-mdment coefficient vith 
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Figure 8.- Concluded. 
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Figure 9.- Section lift, coefficient and center of pressure 88 a f’unction 
of section angle of attack far four airfoil sections st varioue free- 
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(b) NACA 64-008 akrfoil section. 

Figure 9.- Continued. 
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( c )  NACA 64-010 a i r fo i l  section. 

Figure 9.- Continued. 
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Figure 10.- Variation of the lift-curve  slope with Mach nuniber for the 
NACA 64-006, 64-008, 64-010, and 641-012 airfoil  sectfons in the 
smooth condition. 
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Figure 11.- Comparison of section lFft and br- tg  chmacteristics of the 
I a C A  64-006, 64-008, 64-010, and 64,-012 ai:foil sections in the 
smooth condition for  Reynolds nunibers of 1.0 x 10 to 5.0 x 10 and 
various Mach numbers. 
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Aerodynamically  smooth  condition 
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(a) NACA 64-006 section. (b) NACA 64-008 section. 

Figure 12 . -  Section  quarter-chord pitching-moment coefficient as a function 
of section l i f t  coefficient for four airfoil sections at various free- 
stream Mach nunibers. 
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Aerodynamically smooth condition 
"""" Leading-edge roughness "- Roughness strip at 20 percent chord 
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Figure E.- Concluded. 
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Figure 13.- Comparieon of the section  pitching-moment  coefficient as a 
function of section l~ft coefficient far four NACA 6-series m o i l  
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Figure 14.- Comparison o f  the section  center-of-pressure  characteristics 
for four  NACA 6-series  aFrPoil  sections in the smooth c a t i o n  at 

Reynolds numbers varylng from 1.0 x 10 6 to 5.0 x IO6 for several 
Mach &em. 
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(a) NACA 64-006 airfoil aection. 

Figure 15.- Section drag coefficient aa a function o f  section 1ifb coef- 
f ic ient  far four a i r f o i l  eections at  various free-skeam Mach nmibera. 



Figure 15.- Continued. 
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(b) HACA 64-008 a i r f o i l  section. P 
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Section lift coefficient,cl 

(b) NACA 64-008 airfoil section - Concluded. 
Figure 15 .- Contimml. 

. .. . . . . . . . 



. .  . .. . .. . . .. 

Section lift coefflaent,cl Section lift coefficient,cI  Section lift coefficimt,cl 

(c) NACA 64-010 airfoil section. 

Figure 15.- Continued. 
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(c)  NACA 64-010 airfoi l  section - Concluded. 
Figure 15 .- Continued. 
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(a) FIACA 641-012 airfoll section - Concluded. 

Figure E, - Concluded. 
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Figure 16.- Ccplrpariaon of the  section drag coefficient  as a function of 
section Uft coefficient for four WC.4 6-series & f o i l  sections i n .  
the smooth c d t i o n  at various fiee-stream numbers and Reynolds  

numbers of 1.0 x 10 t o  5.0 x 10 . 6 6 



I .  

. . *, 4 
'. 

A -  


